The N 1s Auger spectra for the two nonequivalent N atoms in N 2 O have been measured via Auger electron-photoelectron coincidence spectroscopy. The site-selected Auger spectra are compared with the normal Auger spectrum and with accurate theoretical calculations accounting for the effects of the dynamics of the nuclei on the energy and linewidth of the Auger bands. Such effects are found to be crucial factors in determining the different band shapes in the site-selected spectra.
I. INTRODUCTION
Auger electron spectroscopy is among the most used spectroscopic techniques to characterize the electronic structure and charge distributions of atoms, molecules, and solids. 1 In free atoms and molecules Auger spectroscopy is a valuable tool to determine the states of the doubly charged ions which are formed via the nonradiative decay of the singly charged ion with an inner hole. The interpretation of Auger spectra of molecules, however, presents a quite complicated problem because they involve a large number of states of the doubly charged ion and contain information not only on the spectroscopic properties of the molecule but also on the dynamics of molecular ionization and deexcitation. 2, 3 The process involves three molecular states, namely, the ground state of the neutral species, the state of the singly charged ion with its inner hole, and the final state of the doubly charged ion. These states differ in their potential energy curves. Thus, molecular Auger spectra are often characterized by bandlike structures resulting from the interplay of vibrational excitation in the states of the singly and doubly charged ions. Because of this, the differentiated analysis achieved by theoretical models can only be compared to experimental results by summing up over all levels of vibrational excitation in the photoionized state. Moreover, in polyatomic molecules the presence of two or more atoms of the same element increases the complexity of the spectra due to the superposition of the decay processes originating from atoms of the same species, but in different molecular sites. These spectra are shifted in energy and their relative intensities are determined by the different sensitivity of each atom to electronic relaxation and correlation effects depending on the occupied site. A technique where the photoelectron and the Auger electron are detected in coincidence allows one to disentangle the contribution to the Auger spectrum of the atoms in the different sites in polyatomic molecules. Such a technique has been applied to atoms, where it provided ͑i͒ a better and unambiguous spectroscopic characterization of the emitted electron spectra 4 and ͑ii͒ a deep insight into the ionization and decay processes. 5 Indeed this kind of experiment has been proposed as a "complete experiment" 6 where the transition amplitudes and phases either of photoionization or of Auger decay can be obtained experimentally. The potential of the technique has been exploited also on solids and surfaces, 7, 8 but not yet in molecules. To our knowledge, only
Lee et al. 9 combined the detection of a threshold photoelectron with that of an Auger electron to study the Auger spectrum of nitrous oxide. That technique took advantage of the high detection efficiency of threshold electrons; however, it is not the best suited for spectroscopic application. Indeed final state effects, due to postcollision interaction, which affect peak positions and line shapes, have their maximum intensity near the ionization threshold. Moreover, the intensity of the coincidence spectra of the lower-lying thresholds may be affected by the contribution to the threshold yield of the decay of inner shell excited states converging to the higher thresholds. On the other hand, it is of significant interest in chemistry to understand if how and eventually why site selectivity is preserved in the chemical reactions resulting from core-hole generation. These topics have been mainly investigated via molecular fragmentation following inner shell excitation. 10 Auger electron-photoelectron spectroscopy, which is insensitive to the fate of the formed dication, can provide valuable and complementary information to the photofragmentation experiments. In this work, we have applied Auger electron-photoelectron coincidence spectroscopy to the measurements of the N 1s Auger spectrum in N 2 O for the two distinct N sites. N 2 O is one of the simplest molecules, with three nonequivalent atoms and two non-equivalent bonds. Therefore it represents a prototypical example to investigate the effects of atom-site selectivity. The experimental results are compared with the calculations of the Auger spectra of the two sites performed with an accurate ab initio theoretical approach which permits the efficient direct calculation of the whole spectrum of double ionization energies, 11 as well as a qualitative estimate of the Auger intensities 12 and of the main effects of nuclear dynamics on the Auger band widths and energy centroids. 3 This methodology has already been successfully applied to the simulation of near-equivalent site-selected Auger spectra of molecules ͑see, for example, Ref. 13͒ . There have been previous calculations of some Auger decay transitions of N 2 O both by ab initio wave function methods 14, 15 and semiempirical methods, 16 but they did not include an analysis of the nuclear dynamics. The potential energy surfaces of some low-lying dicationic states have also been computed. 17 The only previous attempt, to our knowledge, to calculate the site-selected Auger spectra of N 2 O is due to Larkins. 16 However, the semiempirical model adopted could provide only a very qualitative representation of the experimental Auger spectra.
II. EXPERIMENT
The experiments have been performed using the multicoincidence end station 18 of the gas phase photoemission beam line 19 of the Elettra storage ring in Trieste, Italy. The light source is an undulator of period 12.5 cm, 4.5 m long. The linearly polarized radiation from the undulator is deflected to the variable-angle-spherical grating monochromator 20 by a prefocusing mirror. The monochromator consists of two optical elements: a plane mirror and a spherical grating. Five interchangeable gratings cover the energy region of 13-1000 eV. Two refocusing mirrors after the exit slits provide a circular focus ͑radius about 300 m͒ at the interaction region in the experimental chamber.
The end station 18 is equipped with ten independent electrostatic analyzers, arranged in two groups of three and seven analyzers, respectively, mounted on two separate turntables. For the present experiments, both frames have been kept in the plane perpendicular to the direction of the incoming photon beam z. The three analyzers of the small turntable are placed at 0°, 30°, and 60°with respect to the polarization axis of the photon beam and they have been used to detect the photoelectrons of kinetic energy E 1 = 15 and 11 eV for the ionization of the terminal N t and central N c nitrogen atoms, respectively. The seven analyzers mounted on the bigger turntable are all placed at 30°from each other. They have been used to detect the Auger electrons. In the experiment, the energy E 2 of the Auger electrons was varied between 360 and 375 eV. The energy resolution and the angular acceptance in the dispersion plane of the spectrometers were ⌬E i = 0.4 and 1.2 eV for i = 1 and 2, respectively, and ⌬ 1.2 = ± 3°.
The coincidence electronics are realized by three independent time-to-digital ͑TDC͒ converters. In the experiment, each TDC unit is operated in the common start mode with the signals of each one of the three analyzers of the small turntable used as starts and the signals from the other seven as stops. In this way 21 coincidence pairs are collected simultaneously. All the experimental settings and the data acquisition are controlled via a personal computer ͑PC͒ equipped with LABVIEW software. The same software monitors the stability of the experiment during the long acquisition times of the coincidence scans via the measurement of the noncoincidence count rates of the ten analyzers and the photon flux at fixed time intervals. 21 The measurement of the noncoincidence count rates of the analyzers used to collect the photoelectrons enabled us to establish a common relative scale between the coincidence spectra. This has been achieved by using the 1s partial ionization cross sections given by Schmidbauer et al. 22 In the present experiment the main interest is the study of the site selective spectroscopy of N 2 O. Therefore in order to improve the statistical accuracy of the experimental results, the coincidence signals of the 21 Auger electronphotoelectron pairs were added up after a careful energy calibration of the noncoincidence Auger spectra independently collected by the seven analyzers. The kinetic energy scale of the different analyzers has been established by measuring the Ne 2p photoionization at a photon energy of about 380 eV. At the typical experimental conditions of about 1 ϫ 10 −5 mbar of gas pressure and 1 ϫ 10 11 photon/ s, acquisition times of about 1000 s/point were needed in order to achieve the present accuracy in the Auger electronphotoelectron coincidence measurements.
III. THEORY
To compute the double ionization spectrum of N 2 O we used the second order algebraic diagrammatic construction 11 method, ADC͑2͒. The method gives rise to a symmetric eigenvalue problem in the space of the ͑N −2͒-electron configurations built from neutral ground state Hartree-Fock ͑HF͒ orbitals. The ADC͑2͒ space comprises configurations classified as 2h ͑two holes, i.e., two electrons removed from the ground state determinant͒ and 3h1p ͑two holes plus one particle-hole excitation͒. The eigenvalues are the vertical double ionization energies of the system, while the eigenvectors provide the intrinsic spectroscopic factors. In the ADC͑2͒ scheme, the double ionization energies are accurate to second order perturbation theory with respect to the main 2h configurations. The two-vacancy density in the doubly ionized states has been analyzed via an atomic two-hole population analysis, which also provides qualitative estimates of the Auger transition rates. 12 In particular, the Auger intensity of a given line is simply taken to be proportional to the portion of two-hole density in the final state corresponding to both valence holes localized at the core-ionized atomic site. To obtain useful estimates of the effects of the nuclear dynamics on the energy position and broadening of the Auger lines, we used the method discussed in detail in Ref. 3 . The complicated interplay of nuclear motion on the initial ͑ground state͒, decaying ͑core-hole͒, and final ͑dicationic͒ electronic states produces measurable, often dramatic, effects on the Auger bands, which may be described, at the simplest level, as an energy shift from the vertical transition energy and a ͑unresolved͒ broadening. The approach we use, based 054306-2on the time-dependent formalism, provides a simple scheme, within the harmonic model of the potential energy surfaces involved, for computing the broadening ͑variance of the nuclear level distribution͒ of the Auger lines and their energy position ͑first moment͒ relative to the vertical Auger decay. The final working equations in a.u. for a molecule possessing M totally symmetric normal modes of nuclear motion read
for the energy centroid of an Auger line, and
for its broadening. In these equations, ⌬ is the vertical energy ͑at the neutral ground state geometry͒, i is the neutral molecule harmonic frequency of the ith normal mode, and ⌫ is the energy broadening ͑inverse lifetime͒ of the decaying core-hole state. i and ␤ i are the slopes of the electronic energy of the core-hole state and of the decay energy ͑Auger kinetic energy͒, respectively, with respect to the dimensionless normal coordinate of the ith mode, computed at the neutral ground state geometry. Since vibronic coupling effects are neglected, the nonsymmetric modes do not contribute. In our calculations for the nitrogen Auger spectra of N 2 O we have used the N 1s linewidth experimentally known for NO of 0.143 eV, 23 as well as the experimental vibrational frequencies. 24 The latter coincide with our calculated values ͑see below͒ to within one wave number.
The calculations were carried out using the aug-ccpVTZ basis set 25 at the experimental geometry of the molecule 26 and all the ab initio calculations except ADC were done with the GAMESS-UK package. 27 The Hessian matrix for the calculation of the harmonic normal modes was computed by a MP2 geometry optimization and the harmonic frequencies corresponding to this Hessian match the experimental values 24 to within one wave number. The corehole state slopes necessary for the vibrational analysis of the Auger bands were computed at the HF ͑⌬SCF͒ level and at the single-reference single+ double excitation configuration interaction ͑SDCI͒ level, using the relaxed core-ionic orbitals. All the nitrogen core-hole slopes are positive except that for the terminal N with respect to the highest frequency mode. Not unexpectedly, 28 electron correlation is found to affect the computed slopes very substantially, in particular, reducing the positive ones by 30%-70% and almost doubling the negative one. As a result, we find in the analysis of the Auger spectra that the HF slopes produce unrealistically broad band profiles, while the SDCI results, as we shall see in the next section, give simulated spectra in quite good agreement with the measurements. In the final theoretical spectra, the SDCI slope for the N t core hole along the softer stretching mode was further reduced by 25% for best fit. 28 Thus, the final values of the slopes along the higher and lower frequency dimensionless stretching modes of N 2 O are −0.144 and 0.292 eV, respectively, for the N t core-hole state and 0.153 and 0.065 eV for the N c core-hole state. In the ADC calculations the 1s core orbitals were kept doubly occupied and we performed three series of calculations, at the ground state equilibrium geometry and at slightly displaced nuclear positions along the two normal modes, in order to estimate the ␤ j parameters.
IV. RESULTS AND DISCUSSION
In the linear N 2 O molecule the central and terminal N atoms 1s ionization energies differ by 3.9 eV with the smaller ionization potential, N t 1s, located at 408.7 eV. 29 Thus, the two photoelectron peaks can be easily resolved also with the moderate energy resolution typical of coincidence experiments. The N 1s Auger spectrum extends from 320 to 375 eV in the kinetic energy of the Auger electron with several bands. Griffiths et al. 29 analyzed the non-siteselected spectrum and, also on the basis of previous theoretical calculations, 14, 16 proposed an assignment of the main features in the higher energy part, assuming that transitions which involve holes localized on the same atom carrying the primary core vacancy, and lead to final singlet states, are more likely. The coincidence investigation of the present work has explored the Auger kinetic energy region between 360 and 375 eV. 21 The measurements have been performed at h = 423.3 eV, which is close to the maximum of both the N t and N c 1s partial ionization cross sections. 22 A preliminary analysis of the results has been previously presented in a technical review paper on double photoionization studied by electron-electron coincidence techniques. 21 In Fig. 1 the Auger electron-photoelectron coincidence spectra selecting the N t ͑a͒ and N c ͑b͒ sites are shown together with the results of the present theoretical calculations. For the simulation of the Auger spectra only singlet final dicationic states have been considered, as these generally dominate in the Auger spectra of small molecules. 30 The present calculations predict a substantially larger number of double ion states that contribute to the N 2 O Auger spectra than previous calculations. [14] [15] [16] In the double ionization energy region below 51 eV, corresponding to the Auger range under investigation, we computed more than 25 singlet states. All of them were used in the spectral simulations and the most important in the formation of the spectra are shown as vertical bars of appropriate height in the figures. The theoretical spectra were obtained by Gaussian convolution of the discrete manifold, with intensities estimated as described in the previous section. The width of the individual Gaussians and their energy shift with respect to the vertical double ionization energies were determined by the nuclear dynamics analysis also recalled above. The contributing transitions are shown in Table I in terms of their leading orbital configurations. In Table II we report the corresponding computed energy shifts, broadenings, and nitrogen one-site 2h populations 12 ͑which we adopt as relative intensities͒ for the two nitrogen Auger spectra. Table II shows, in particular, the very different vibrational shifts and widths in the two spectra, with the N c ones generally much smaller. As the figures show, the theoretically simulated spectral profiles agree generally well with the experimental ones although the N c spectrum, in particular, evidences a slight shift of the computed double ionization spectrum to lower energy ͑higher Auger energy͒. Such a shift typically affects the ADC͑2͒ calculations due to incomplete balance of correlation energy. There are other discrepancies such as an experimental feature visible at 365.6 eV in the N t spectrum and one at 367.5 eV in the N c spectrum which are missing in the simulation. The bar spectrum, however, shows that the calculations do predict Auger transitions of some intensity in these regions. In particular, there is a 1 ⌸ state at vertical double ionization energy ͑DIE͒ equal to 44.87 eV which could be responsible for the N c band, and a 1 ⌬ state at DIE= 42.39 eV which underlies the N t band ͑see Tables I and  II͒ . Slight inaccuracies in the estimated vibrational shifts and broadenings ͑due, for example, to some poorly predicted final state slopes͒ may in general cause such discrepancies in the band profiles. The qualitative level of our relative intensity estimates also contributes to the theoretical inaccuracies and is visible especially in the N t spectrum, but it appears to be entirely adequate to interpret the spectra.
The N t and N c Auger spectra are evidently very different. The latter shows a broad region of intensity below 370 eV, while the former displays more numerous and separated bands, with a broad very intense peak at higher kinetic energy, around 371.8 eV. This peak is due essentially to the two lowest dicationic singlet states, 1 ⌬ and 1 ⌺ + , which give extremely weak contributions to the N c spectrum above 375 eV. The next intense peak ͑to lower kinetic energy͒ in the N t spectrum, at 368.6 eV, corresponds almost exclusively to the 1 ⌸ dicationic state located at DIE= 39.08 eV ͑here and in the following we identify doubly ionized states by their FIG. 1 . The partial N c ͑a͒ and N t ͑b͒ Auger spectra of N 2 O obtained via Auger electron-photoelectron coincidence spectroscopy compared with the theoretical calculations. The line connecting the experimental points is obtained by cubic spline interpolation. The most important dicationic states contributing to the Auger spectrum are shown as vertical bars of height proportional to their estimated intensity. In ͑c͒ the sum of the two coincidence spectra is compared with the noncoincidence one, measured simultaneously, and with the calculated spectrum. Some of these states, in particular, the two 1 ⌺ + , form the last band in the N t spectrum which is at the low kinetic energy edge of our experimental range. The theoretical interpretation of the spectra makes clear that the same doubly ionized states that contribute appreciably to both spectra do so in quite different regions, not just because of the shift in the photoelectron lines but also as a consequence of the very different impact of nuclear dynamics effects. A reliable reproduction of the spectra ignoring such effects is impossible.
As mentioned in the Introduction a previous coincidence measurement between threshold photoelectrons and Auger electrons has been reported by Lee et al. 9 It is interesting to observe that despite the different technique and overall energy resolution and the fact that in the threshold electronAuger electron experiment postcollision interaction may alter the observed spectrum, the overall shape of the set of experimental results is consistent.
In Fig. 1͑c͒ the sum of the two partial Auger spectra, both for the experimental and theoretical results, is compared with the noncoincidence one measured simultaneously. The theoretical spectrum is obtained by adding up the N c and N t partial Auger spectra weighted with the relative core crosssection ratio of 1.4 obtained from the photoionization experiment. 22 The theoretical simulation reproduces the summed coincidence experiment very well, both in the shape and the relative intensity of the three main features. The summed coincidence spectrum and the noncoincidence one are in good agreement as for the number and position of the features, but the noncoincidence one appears to be broader in the region of 362-366 eV. This might be due to a contribution of autoionizing transitions to N 2 O + states which, of course, do contribute to the noncoincidence spectrum, but not to the Auger electron-photoelectron coincidence ones. The photon energy used in the present experiment is between the region of the inner shell doubly excited states and the * resonances. 31 Thus it is not unlikely that decay to N 2 O + may occur. Indeed Yu et al. 31 invoked such a decay to explain a non-negligible O − formation between 415 and 425 eV. Figures 1͑a͒ and 1͑b͒ show that the decays from the N c 1s core hole mainly contribute to the Auger spectrum between 360 and 368 eV, while the decays from the N t 1s level are mainly responsible for the spectrum in the region of higher Auger kinetic energies. Here a discrepancy between the present data and the previous assignment proposed in the high resolution Auger spectrum of Griffiths et al. 29 is observed. In that work, the peak at 368.4 eV was attributed completely to a decay of the N c atom ͑see Table II in Ref. 29͒, while from Fig. 1 it is clear that it contributes significantly to the spectrum of the N t atom, too. As we have seen above there is a prominent N t peak at this energy due to a 1 ⌸ state of mainly 2 −1 7 −1 character. Indeed, while the 7 orbital is mainly nonbonding, the 2 orbital has a strong N t character, so that the 1 ⌸ state is preferentially populated upon decay from the N t core-hole state. Similar arguments can be used to rationalize the intensity of the other features in the two coincidence spectra but, especially at higher DIE, pronounced configuration mixing makes a qualitative orbital analysis inapplicable and the two-hole population analysis ͑whose results are reported in Table II͒ is the ideal tool to measure atomic hole localization and thus, qualitatively, preferential Auger activity.
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V. CONCLUSIONS
The combination of a site-selective technique, Auger electron-photoelectron coincidence spectroscopy, and accurate theoretical calculations has permitted a deeper insight into the N 2 O Auger spectrum. A more precise assignment than previous attempts as well as a better understanding of the relative intensities of the different features in the unselected spectrum have been achieved. The two site-selected nitrogen spectra are very different and are affected to different extents by nuclear dynamics effects on the energy position and broadening of the Auger bands.
Auger electron spectroscopy is an element sensitive technique with various analytical applications. This work shows how the use of the coincidence technique can add to Auger spectroscopy a site sensitivity, which, combined with reliable theoretical guidance, may help in the investigation of reactions resulting from core-hole generation.
